Thermo-mechanical coupling analysis of APSE using submodels and neural networks  by Kwon, Sangki et al.
T
n
S
a
b
c
a
A
R
R
A
K
Ä
A
S
T
S
1
l
F
i
m
e
w
a
A
i
g
e
l
P
A
1
R
hJournal of Rock Mechanics and Geotechnical Engineering 5 (2013) 32–43
Contents lists available at SciVerse ScienceDirect
Journal of Rock Mechanics and Geotechnical
Engineering
journa l homepage: www.rockgeotech.org
hermo-mechanical coupling analysis of APSE using submodels and neural
etworks
angki Kwona,∗, Changsoo Leeb, Seokwon Jeonc, Heui-Joo Choib
Energy Resource Department, Inha University, Incheon, Republic of Korea
Korea Atomic Energy Research Institute, Daejeon, Republic of Korea
Energy Resource Department, Seoul National University, Seoul, Republic of Korea
r t i c l e i n f o
rticle history:
eceived 1 April 2012
eceived in revised form 4 June 2012
ccepted 10 June 2012
eywords:
a b s t r a c t
The Äspö Pillar Stability Experiment (APSE) is an in situ experiment for investigating the spalling
mechanism under mechanical and thermal loading conditions in a crystalline rock. In this study, the
thermo-mechanical behaviors in the APSE were investigated with three models: (1) a Full model with
rough meshes for calculating the inﬂuence of tunnel excavation; (2) a Submodel with ﬁne meshes for
predicting the thermo-mechanical behavior in the pillar during the borehole drilling, heating, and cool-spö Pillar Stability Experiment (APSE)
rtiﬁcial neural network (NN)
ubmodel
hermo-mechanical coupling
palling
ing phases; and (3) a Thin model for modeling the effect of slot cutting for de-stressing around the pillar.
In order to import the stresses calculated from the Full model to the Submodel and to deﬁne the complex
thermal boundary conditions, artiﬁcial neural networks (NNs) were utilized. From this study, it was pos-
sible to conclude that the stepwise approach with the application of NNs was useful for predicting the
complex response of the pillar under severe thermo-mechanical loading conditions.
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m. Introduction
Task B in the DECOVALEX-2011 project based on the Äspö Pil-
ar Stability Experiment (APSE) performed by the Swedish Nuclear
uel and Waste Management Corporation (SKB) was for investigat-
ng the spalling strength of a granitic rock mass under thermal and
echanical loading conditions and the effect of conﬁningpressures
ffect on the rock failure.
In the case of crystalline rock, the rock mass spalling strength
as reported to frequently occur between 0.4 and 0.6 of the uni-
xial compressive strength (UCS) (Martin and Christiansson, 2009).
stress induced spalling in a crystalline rock was clearly observed
n the mine-by experiment, which was conducted at the Under-
round Research Laboratory (URL) in Canada. From the mine-by
xperiment carried out in a 3.5m diameter tunnel on the 420m
evel, it was possible to observe the progressive development of∗ Corresponding author. Tel.: +82 32 860 7554.
E-mail address: kwonsk@inha.ac.kr (S. Kwon).
eer review under responsibility of Institute of Rock and Soil Mechanics, Chinese
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he breakout notch to the direction of the minor principal stress.
he maximum depth of the notch was 1.3 times the radius of the
unnel.
The APSE is being modeled by the research teams participat-
ng in the DECOVALEX-2011 project, which was started in 2008.
he Korea Atomic Energy Research Institute (KAERI) joined the
roject as one of the eight funding organizations and participated
s a research team for the Task B, which deals with the APSE. In
his study, the spalling of rock related to the tunnel and borehole
xcavations, heat generation, and conﬁningpressurewaspredicted
ith three-dimensional (3D) modelings using FLAC3D (version 4.0,
tasca, 2009) and the applicationof artiﬁcial neural networks (NNs).
he thermo-mechanical behaviors in the APSE were investigated
ith three models: (1) a Full model for calculating the inﬂuence
f tunnel excavation; (2) a Submodel for predicting the thermo-
echanical behaviors in the pillar during the borehole drilling,
eating, and cooling phases; and (3) a Thin model for modeling
he effect of slot cutting for de-stressing around the pillar.
Such a stepwise approach from a rough to ﬁne model and from
arge to small area was required to simulate the APSE, in which the
ollowing factors need to be considered all together:
1) In situ stressesandstress redistributionafter tunnel excavation.
2) Stress redistribution due to borehole excavation.
3) Inﬂuence of conﬁning pressure of 700kPa in one borehole heat
convection through tunnel and borehole surface.
4) Spalling around the borehole.
5) Thermal stress change during heating and cooling.
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tFig. 1. Layout of heaters and thermocouples (Andersson, 2007).
6) Possible inﬂuence of excavation damaged zone (EDZ) and shear
zone.
7) Development of failure zone due to distressing.
Finally, the spalling strength of in situ rock under overburden
oad, thermal stress, and artiﬁcial conﬁningpressurewas tried to be
stimated based on the comparison of site observation of spalling
nd prediction from computer simulations.
. APSE
.1. Overview of APSE
The APSE was suggested to evaluate the understanding of rock
ass strength at the scale of the emplacement borehole when the
ominant mode of failure was expected to be stress-induced frac-
uring on the boundary of the excavation (Itasca, 2009). It was
arried out in the Äspö hard rock laboratory (HRL) in Sweden from
002 to 2006. For the experiment, a 7.5m high and 5m wide drift
as excavated with a drill-and-blast technique on the 450m level.
he oval shaped drift was excavated in two stages in order to min-
mize the EDZ. In the drift, two 6.5m long boreholes of 1.75m
iameter were excavated with a modiﬁed tunnel boring machine
o create a 1m thick pillar as shown in Fig. 1. The pillar was located
n the ﬂoor with a Q-value of 19. The detailed description of the
esign and execution of the APSE was reported in Andersson and
artin (2009). In the APSE, three different loadings were applied
equentially.
.1.1. In situ stresses
The excavation of the boreholes, separated by the 1m thick pil-
ar, was purposely over-stressed using excavation- and thermally
nduced stresses, to induce spalling in the pillar (Andersson and
artin, 2009). For instance, the tunnel was oriented perpendicular
o the major principal stress direction to maximize the geometry-
nduced stresses. The ﬂoor was arched to get the maximum stress
oncentration in the center of the ﬂoor where the pillar is located.
.1.2. Conﬁning pressure
Typically, the tunnels and boreholes in a high-level radioac-
ive waste repository will be buffered and backﬁlled with swelling
entonite. Swelling pressure will be developed as the bentonite
ecomes saturated and is applied to the rock walls. In order to
w
˛
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onsider the swellingpressureon theborehole surface in theexper-
ment, a rubber bladder approximately 1.75m in diameter and 6m
ong was inserted in the conﬁned borehole, DQ66G1. The rubber
ladder was ﬁlled with water and pressurized to 700kPa.
.1.3. Thermal loading
The pillar was heated with the electrical heaters installed in
our 6.5m long vertical boreholes (KQ holes) around the pillar. The
eaters were turned on for 66 days from May 14, 2004 to July 19,
004. During the experiment, the power input to the heaters was
hanged from about 200W/m to 400W/m. The higher power input
n the right-hand side was required to compensate for the cooling
ffect due to the water ﬂow crossing the heater hole, KQ65G3. The
unnel ﬂoor around the pillar was insulated with rock wool. Dur-
ng the experiment, the temperatures, displacements, and acoustic
mission (AE)weremeasured at different locations. From the regu-
ar observation of spalling in thepillar, the following could be found
Andersson and Martin, 2009):
1) AV-shapednotchwas formedandmigrateddowntheborehole.
2) The initiation of brittle failure was purely tensile.
3) When the heaters had been turned off and the rock mass had
cooled down, approximately 0.1m3 slabs were created by the
spalling.
4) The total opening angle of the notch on the pillar was approxi-
mately 130◦ when the notch was fully developed. The breakout
angle was changed from 15◦ to 40◦ and the mean was 32◦.
5) Spallingwas observed at the depth from0.5m to 2mduring the
borehole excavation, and it extended during the heating phase
to the depth of 5m.
6) The maximum notch depth of about 150mm was observed at
1m from the ﬂoor.
.2. Intact rock properties
The rock cores from the 76mm boreholes drilled in the vicin-
ty of the pillar were used for measuring rock properties from
ifferent laboratory tests. Table 1 shows the intact rock proper-
ies measured from the laboratory tests (Andersson, 2007). The
CS was 211MPa and the crack initiation stresses measured
rom AE and strain gauge were 121MPa and 95MPa, respec-
ively.
.3. Computer code
In this study, FLAC3D, which is a 3D explicit ﬁnite difference
ode, was used. It is a commercial code provided by Itasca Consul-
ing Group andwidely used in various civil andmining engineering
rojects. FLAC3D offers awide range of capabilities to solve thermal,
echanical, and hydraulic problems. It also contains a power-
ul built-in programming language, FISH, that allows the users to
eﬁne new variables and functions. In this study, FISH was used to
mplement the initial conditions of the Submodel and Thin model
nd to check the possible spalling zones during the calculation. For
he thermo-mechanical coupling analysis, the following constitu-
ive equation was used:
∂ij
∂t
= 2G
(
∂εij
∂t
− ˛t ∂T
∂t
ıij
)
+
(
K − 2
3
G
)(
∂εkk
∂t
− 3˛t ∂T
∂t
)
ij
(1)here ij and εij are the total stresses and strains, respectively;
t is the linear thermal expansion coefﬁcient; ıij is the Kronecker
elta; K and G are the bulk and shear moduli, respectively; T is the
emperature (Itasca, 2009).
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Table 1
Intact rock mechanics parameters (Andersson, 2007).
UCS (MPa) Young’s modulus of
intact rock (GPa)
Young’s modulus of
rock mass (GPa)
Poisson’s ratio
of intact rock
Friction angle of
intact rock (◦)
Cohesion
(MPa)
Tensile
strength (MPa)
211 76 55 0.25 49 31 14.9
Thermal conductivity
(W/(mK))
Volume heat capacity
(MJ/(m3 K))
Thermal expansion
coefﬁcient (10−6 ◦C)
Density
(g/cm3)
Initial rock
temperature in situ (◦C)
Crack initiation stress
from AE (MPa)
Crack initiation stress
from strain gauge (MPa)
2.6 2.1 7.0 2.75 14.5 121 95
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In the Full model, the in situ stress condition measured at
Äspö HRL was implemented in the model. The best estimationFig. 2. Model mesh for the Full model.
. Description of the models
.1. Modeling method
In order to accurately predict the spalling behavior in the ther-
al and mechanical loading conditions, it is necessary to consider
he effects of excavation as well as the thermal loading by using a
ull model with ﬁne meshes.
Running a 3D model with ﬁne meshes in full scale is ineffec-
ive because it needs a large memory size and a long calculation
ime. In this study, a stepwise approach was utilized with a Full
odel, which can calculate the effect of tunnel excavation, and a
ubmodel with ﬁne meshes. Fig. 2 shows the Full model which can
how the tunnel shape and boreholes in the ﬂoor. The model size is
0m×33m×1000m. The total number of zones is about 156,000.
Fig. 3 shows the Submodel for the block of 20m×10m×9m
n the ﬂoor. The minimum mesh thickness around the borehole is
.01m, which is 1/10 of that in the Full model. In the Submodel, it
s possible to implement the actual dimensions of the boreholes,
illar, and the location of the heaters and observation boreholes
Fig. 3. Model mesh for the Submodel.
oFig. 4. Model mesh for the Thin model.
ore precisely with the ﬁne meshes. The borehole diameter in the
ubmodel is 1.75m. The pillar size in the Submodel is 1.06m.
In order to model the effect of slot cutting for de-stressing
round the pillar, in which high stress was concentrated after tun-
el and borehole excavation, as well as thermal stress, very ﬁne
eshes were used around the borehole and pillar. In the Thin
odel, only two layers were included as shown in Fig. 4.
Table 2 lists the comparison of model conditions in the Full
odel, Submodel, and Thin model. Fig. 5 shows the modeling
rocesses from the Full model to the Thin model. The stress redis-
ribution after the tunnel excavation was calculated using the Full
odel. The EDZ around the tunnel could be reasonably imple-
ented in the Full model. The inﬂuence of borehole excavation,
onﬁning pressure of 700kPa, and heating from the four heaters
round the pillar was modeled using the Submodel. The inﬂuence
f the slot cutting on rock failurewasmodeledwith the Thinmodel.
ith the sequential process, the inﬂuence of tunnel excavation,
orehole excavation, conﬁning pressure, and thermal stress could
e successfully realized in the Thin model as an initial condition.
.2. Initial and boundary conditionsf the stress tensor could be made by comparing the measured
Fig. 5. Stepwise modeling for APSE.
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Table 2
Comparison of the modeling condition in the models.
Model Model size (m×m×m) Model volume (m3) Minimum thickness (m) Pillar size (m)
Full model 50×33×1000 1,650,000 0.1 1
Submodel 20×10×9 1800 0.01 1.06
Thin model 10×8.8×0.1 8.8 0.01 1.06
Model Borehole diameter (m) Zone number Grid number Model type Layer thickness (m)
Full model 1.8 156,000
Submodel 1.75 429,000
Thin model 1.75 55,800
Table 3
Back calculated and best estimated stress tensor for the experiment location
(Andersson, 2007).
Stress Magnitude (MPa) Trend (◦) Plunge (◦)
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onvergence with the computed convergence as well as the stress
easurements in the vicinity of the APSE by Christiansson and
anson (2003). Table 3 lists the stress tensors back-calculated at
he test location.
The physical, mechanical, and thermal properties of Äspö rock
isted in Table 1 were used in the modeling. It was found that the
hermal conductivity of 3.2W/(mK), which is 23% higher than the
onductivity determined in the laboratory, was a better represen-
ation of the site conditions (Andersson, 2007).
The rock was considered to be homogeneous, elastic, and
sotropic and the thermal expansion and conduction properties of
he rock were constant. The EDZ of 0.5m thickness was assumed
o develop around the tunnel immediately after the tunnel exca-
ation. No EDZ around boreholes was assumed to develop and the
lastic modulus of the EDZ was adjusted to be 50% of the undis-
urbed rock modulus (Kwon et al., 2009).
The initial temperature distribution before the excavation was
alculatedwith thegeothermalgradientof3 ◦C/(100m)andsurface
emperature of 0.5 ◦C to make the initial temperature of 14 ◦C at
he tunnel depth of 450m. In contrast, the initial temperature in
he Submodel was constant at 14 ◦C.
In both models, boundaries except the ground surface were
xed and assumed to be adiabatic. After the tunnel excavation
nd during the heating phase, the rock temperature distribution
round the tunnel and boreholes was calculated in consideration
f the heat convection effect through the rock surface. In themodel,
heat convection factor of 10W/m2 was used for the tunnel and
orehole surface.
When the heating phase was modeled with the recorded power
nput, the temperatures on the right-hand side were higher than
hose on the left-hand side as listed in Table 4. This was due to the
(
able 4
emperatures from the reference Full model before the adjustment of the heater power.
Side Time (day) Temperature (◦C)
0m
Left-hand
18 21.08
38 21.1
46 25.01
66 24.2
Right-hand
18 21.12
38 21.91
46 26.22
66 28.09163,800 Elastic model 0.5
433,011 Elastic model 0.065
83,883 Elastic model 0.05
igher power input on the right-hand side for compensating for the
ooling effect by thewater ﬂowing fracture. In order to have similar
eak temperatures as the measurement, it was necessary to adjust
he power input of the heaters on the right-hand side. The heater
ower on the right-hand side in the model, P∗2, was calculated with
he following equation and listed in Table 5:
∗
2 = P2 −
P1(T2 − T1)
T1
(2)
here P1 and T1 are the power input and temperature on the
eft-hand side, and P2 and T2 are those on the right-hand side,
espectively.
. Back-propagation NN
In this study, back-propagation (Kwon et al., 2009), which is one
f themost commonNNapproaches,wasused for the calculationof
he temperatures around a borehole and stress components in the
ubmodel (add a few sentences for describing why NN approach
as adopted ﬁrst). The application of NNs for this study was done
s follows:
1) Determine the input parameters, which can affect the outputs.
2) Extract input and output data from the Full model.
3) Design a network with an adequate number of hidden nodes.
There is no formula to determine how many hidden nodes are
best for a network, because it is largely dependent upon the
complexity of the problem being solved. One rule of thumb is
to use the average of the number of inputs and the number of
the output nodes (Lawrence, 1993).
4) Train the network by using a part of the data sets consisted of
inputs and outputs.
5) Check the training results, and if the training results are not
desirable, adjustment should bedoneon thenetwork structure.
6) When the training is completed, testing should be done with
other data sets, which are not used in the training for validating
the performance of the network.
7) When the testing is reliable, the network can be used for pre-
diction.
1m 1.5m 3.5m 5.5m
71.37 42.78 48.67 48.15
37.83 43.3 50.97 49.78
52.79 60.98 70.6 68.75
49.92 58.37 70.14 67.37
37.91 42.93 48.49 41.06
41 47.15 54.82 45.76
57.47 66.64 76.48 61.05
65.06 76.86 90.87 71.37
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Table 5
Model heating power input.
Time (day) Power input (W/m)
Left-hand side (measured) Right-hand side (measured) Right-hand side (adjusted)
0 200 200 200
18 170 200 188
400 372
400 329
0 0
4
f
t
e
t
s
t
a
f
r
n
s
t
f
c
f
a
s
d
s
i
c
r
m
i
u
t
i
F
t
F
s
i
i
t
x
c
b
p
w
c38 354
46 263
66 0
.1. Stress-net
One of the two NNs used in this study is Stress-net, which was
or calculating the initial stress distribution of the Submodel. Since
he Submodel is for a limited range in the ﬂoor, the effect of tunnel
xcavation cannot be simulated. It is, therefore, necessary to import
he stresses after the tunnel excavation from the Full model. The
tress components, xx, yy, zz, xy, yz and xz, at different loca-
ions in the Full model were extracted and utilized for the training
nd testing of the NN. In this case, only two parameters, the depth
rom the ﬂoor and the distance from the tunnel center line, were
equired to deﬁne the stress components in the ﬂoor. The Stress-
et, therefore, consisted of 2 input nodes and 6 output nodes as
hown in Fig. 6.
From the Full model, 762 data sets were extracted and among
hem 500 sets were used for training and the other 262 were used
or testing. With 5 hidden nodes, the network could be trained suc-
essfully. Fig. 7 shows the comparison of the normalized stresses
rom the Full model and from the Stress-net after training. The reli-
bility of the trained network was tested with the other 262 data
ets. As shown in Fig. 8, Stress-net could predict well for the testing
ata sets too, even though therewere some outlying points in a low
tress range. Since the interesting area was around the boreholes
n the ﬂoor, where the stresses were high due to the stress con-
entration after excavation, the effect of the error in the low stress
ange would be insigniﬁcant.
The stress components at over 292,500 zones could be deter-
ined with the Stress-net much quicker than the implemented
nterpolation function in the code. Another important advantage
sing the network is that the network can be used without any fur-
her adjustment or extra training, even though there are changes
n the mesh size, model size, or model geometry.
Fig. 6. NN structure the Stress-net.
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tig. 7. Comparison of the stresses from the Full model and Stress-net using 500
raining data sets.
Fig. 9 compares the major principal stress distributions in the
ull model and the Submodel. The comparison of the principal
tresses in the Full model and the Submodel along a vertical line
n the ﬂoor is shown in Fig. 8. Because of the model mesh change,
t is not possible to compare the stresses at exactly the same loca-
ion. In Fig. 10, the stresses from the Full model are checked at
=0.597m and y=1.46m, while those from the Submodel were
hecked at x=0.6m and y=1.44m. The minor principal stress can
e accurately predicted from the Stress-net. In the case of themajor
rincipal stress, there is some slight deviation at around 0.5m,
here the stress variation is signiﬁcant due to a sudden property
hange related to the existence of an EDZ.
.2. Temp-net
For a better prediction of the temperatures and the thermo-
echanical responsesof the rock, it is better toutilize themeasuredemperatures on the borehole surface as boundary conditions. In
heAPSE, the temperatures on the borehole surfaceweremeasured
t several locations at different depths. Because there are a lim-
ig. 8. Comparison of the stresses from the Full model and Stress-net using 262
esting data sets.
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Fig. 9. The major principal stress distribut
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point. 3 increases from 9MPa to 18MPa until the second hole was
excavated to 1m depth and then decreases continuously to aboutig. 10. Comparison of the stress variation with depth at around x=0.6m and
=1.45m before borehole excavation.
ted number of measuring points around the holes, the complete
istribution of temperature all around the borehole surface should
e estimated indirectly with the help of modeling.
From the Full model, it is possible to observe that the temper-
ture distribution on the hole surface depends on the depth and
he rotation angle, . Figs. 11 and 12 show the variation of the ratio
f the temperature on the borehole surface to the temperature at
.5m depth borehole surface. The temperature distribution calcu-
ated from the computer simulations, however, shows a complex
attern, which cannot be expressed in a simple equation.
In this study, a NN, Temp-net, was developed for describing the
omplex temperature distribution all around the borehole surface.
ig. 11. Ratios of the temperatures on the borehole 1 surface to the temperature at
.5m depth from the Full model.
3
i
F
3ion in the Submodel and Full model.
he ratios between the temperature at 3.5m depth and the other
emperatures were extracted from the computer model and used
or the training and testing of the network. The temperature at
.5m depth was selected as a reference, because it is located at
round the middle depth of the borehole.
From the computer simulation, 500 data sets containing tem-
erature, depth, and angle were derived. Among them, 300 data
ets were used for training the network. When the training was
ompleted, testing followed with the rest 200 data sets. Fig. 13
hows the variation of the ratio from the Full model and Fig. 14
hows the prediction of the temperature ratio from the network.
t is possible to see that the prediction of temperature distribution
rom the trained NN could catch the main characteristics of the
istribution pattern with a reasonable error.
. Results from the Submodel
.1. Stress and rock failure before heating
Fig. 15 shows the variation of 1 and 3 during the excavation
f tunnel and deposition holes. The stress change at 1.95m depth
nd 0.003m into the pillar close to the second borehole was calcu-
ated by interpolation and extrapolation of the stresses around theMPa with further excavation of the second hole. In contrast, 1 is
ncreased steadily from about 30MPa to about 120MPa. 2 is also
ig. 12. Ratios of the temperatures on the borehole 2 surface to the temperature at
.5m depth from the Full model.
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Fig. 13. Temperature ratio around the borehole 1 surface from computer modeling.
Fig. 14. Temperature ratio around the borehole 1 surface from the trained NN.
Fig. 15. Stress change at 1.95mdepth and 0.003m into the pillar close to the second
borehole.
Fig. 16. Estimated failure zone around the boreholes after the borehole excavation.
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ncreased steadily from 12MPa to 32MPa during the excavation
teps.
The stress increase around the boreholes after the borehole
xcavation could result in rock fracturing. Since the model was
lastic and thus, a FISH routine for estimating the development of
ailure zone was made and implemented in the model. The FISH
outine can check the stress distribution and deﬁne the zones,
here the tangential stress is over the spalling strength, as pos-
ible failure zones. Two spalling strengths, 110MPa and 120MPa,
hich are 52% and 56% of UCS, respectively, were used for compar-
ng the results from the modeling and observations. Fig. 16 shows
he possible failure zone developed around the boreholes after the
orehole excavation and applying conﬁning pressure, when the
palling strength was assumed to be 120MPa. The failure zone in
he pillar extends to 0.8m from the tunnel ﬂoor. It is possible to
stimate the spalling stress from the tangential stress at the sur-
ace. However, it should be kept in mind for estimating the spalling
trength that the spalling stress is likely higher inside the rock
ecause of its self-conﬁnement effect.
.2. Temperature change
Fig. 17 shows the comparison of the temperature variation with
ime during heating at different depths in the hole DQ66G1. The
rediction from the Submodel is also accurate in the second bore-
ole, DQ63G01, as shown in Fig. 18. The temperature difference
rom the model and measurement is less than 2 ◦C. Fig. 19 shows
he comparision of the temperature at KQ64G7 at the right-hand
ide of the holes. At 1.5m depth, the modeling shows a little lower
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Fig. 18. Temperature comparison at DQ63G1.
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tures at KQ64G6. The general trends of the temperature variation
from the measurement and calculation are similar but there is a
signiﬁcant difference at 1.5m depth. The temperature predicted atFig. 19. The comparison of the temperature at KQ64G7.
emperature compared to the measurement. At the depths of 3.5m
nd 5.5m, the calculated temperatures from modeling are higher
han the measurements. In the case of 5.5m, the calculated tem-
eratuer is about 10 ◦C higher than the measured temperature. The
igher temperature from themeasurement at shallowdepthmight
e due to the existance of EDZ in the ﬂoor or due to the effect of the
heet for heat insulation. If the ﬂoor is considered to be completely
nsulated in the model without any heat convection through the
oor surface, the calculated temperaturewill be increased inwhole
epth. That means the difference between the measurement and
alculation in deeper locationwill be larger than that in this case. In
Fig. 20. Comparison of temperature at KQ64G6.
3Fig. 22. Thermal stress distribution after heating (unit: Pa).
rder to reduce the difference, the higher speciﬁc heat and larger
hermal conductivity of rock mass are recommended to be used.
heeffect of shear zone in theupperpart of thepillar on the temper-
ture distribution is also needed to be considered in the modeling
or a better prediction. Fig. 20 shows the comparison of tempera-.5m is higher than those at 1.5m and 5.5m. Fig. 21 compares the
Fig. 23. Possible failure zone after heating.
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Fig. 24. Comparison of possible failure zone.
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failure zone, inwhich the tangential stress is over120MPa, after theFig. 25. Comparison of notch depth.
emperature variationwith time at the decliend borehole, KQ64G8.
ompared to themeasurement, the calculation showsmuchhigher
emperature along the borehole. The quicker response of rock tem-
erature to the heat power change in the modeling might be due
o the lower speciﬁc heat compared to actual value. Thus, higher
peciﬁc heat of rock is recommended for a better prediciton.
.3. Thermal stress and rock failure after heating
Fig. 22 shows the major principal stress purely developed from
he thermal stress when the heat power was on maximum level at
8 days after heatingwas started. It is possible to ﬁgure out that the
ncrease of themajor principal stress in thepillar due to the thermal
Fig. 28. Comparison of major p
h
b
iig. 27. Displacements of the measuring points around the borehole surface.
tress is over 25MPa. In the pillar center, there is about 10MPa
ncrease. Except the pillar, the inﬂuence of the thermal stress on
he principal stress is not signiﬁcant. Fig. 23 shows the possiblerincipal stress (unit: Pa).
eating phase was completed. Compared to the failure zone after
orehole excavation as shown in Fig. 16, the extension of the zone
s signiﬁcant. The thickness and the depth are increased during the
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eating phase as shown in Fig. 24. The zone is extended down to
.9mfromtheﬂoor in theopenhole,while it is 3.8min theconﬁned
ole. This is due to the effect of higher thermal stress around the
pen hole.
In order to estimate the spalling strength, the notch depths and
reakout angles predicted from the cases with different strengths
ere compared with the measurements. Fig. 25 shows the com-
arison of notch depth. When spalling strength is assumed to be
10MPa, the model predicts much larger notch depth than obser-
ation. With 120MPa as the spalling strength, the prediction could
e improved. The small notch depth in the ﬁrst 0.5m from the tun-
el ﬂoor could be closely predicted with consideration of EDZ. The
arger notch depth from 0.5m to 1.5m compared to the observa-
ion might due to the assumption of sudden property change from
he disturbed zone to undisturbed zone. Such a difference seems
o be reduced by considering a continuous property change in the
oor.
The breakout angle is compared in Fig. 26. When the spalling
trength is assumed to be 110MPa, the model predicts much wide
w
p
z
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reakout angle than the measurement. With the assumption of
20MPa as the spalling strength, the prediction could be improved.
he small breakout angle in the ﬁrst 0.5m from the tunnel ﬂoor
ould be closely predicted with the consideration of EDZ. From
.5m to 1.5m, the prediction from the Submodel is larger than
he measurement. Compared to the measured angle, which varies
ore or less from 20◦ to 40◦, the model predicts 10◦–60◦ when
he spalling strength is assumed to be 120MPa. Even though the
verage breakout angle is similar to the measurement, the dif-
erence in the pattern should be carefully investigated for better
nderstanding of spalling processes.
.4. Displacement after heating
The radial displacements during the heating phase at the loca-
ions, where LVDTs were installed, were calculated and plotted
n Fig. 27. Positive displacement means the rock moves into the
orehole. Because of the heat generation from the heater holes, the
aximum displacement about 0.2mm was expected at the Point
, which was located at right side of the open hole. The measuring
ocations at the left side, Points 1, 2 and 3, show relatively smaller
isplacements compared to those from the right side. The larger
isplacement from the right side is due to the higher heat genera-
ion from the two heater holes on the right side. When the heaters
ere shutdown, somedisplacements showednegativevalues. That
eans the rock was moved back from the original location.
. Results from the Thin modelSince the initial stress and strain conditions in the Thin model
ere imported from the Submodel, the comparison of the major
arameters such as the principal stress, displacement, and failed
one is important for getting reliable results from the Thin model.
g for de-stressing.
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igs. 28 and 29 compare the ﬁnal results from the Submodel and
he initial condition in the Thin model. It is possible to see that
he initial conditions of the Thin model can be successfully realized
rom the Submodel.
After conﬁrming the initial condition of the Thin model, slot
utting was simulated by removing the meshes step by step for
eleasing the stress acting on the pillar as shown in Fig. 30. The
istory of displacement and stress change during the de-stressing
t several locations was recorded for understanding the response
f the rock. With the sequential stress release by slot cutting, the
tress condition around the pillar is expected to be signiﬁcantly
hanged.
The stress paths during the de-stressing at 4 different locations
t 1m depth are plotted in Fig. 31. The initial 1 and 3 at the loca-
ions were marked with the numbers. In the case of numbers 1 and
, 3 change is more signiﬁcant with the de-stressing compared
o 1. The minor principal stresses, which are compressive before
he de-stressing, change to tensile when the de-stressing is com-
leted. Tensile failure is expected at the location 2. In the locations
and 4, 1 decreases from 60–70MPa to 10–20MPa after the de-
tressing. Such a stress path at certain location can be applied to
he modeling for investigating the generation of micro-cracks due
o thede-stressing. Further study for detailedmodelingusing PFC is
ecommended to predict the crack expansion observed from APSE.
Fig. 32 shows the x-displacement change during the conﬁning
elease at 4 locations. Before the de-stressing, minor displacement
ess than 1mm was predicted to the boreholes. When the slot cut-
ing was started, x-displacement was changed toward the slots at
he locations 3 and 4. At these locations, x-displacement was more
han 1.5mm.
Fig. 32. Displacement path with de-stressing at 1m depth.
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. Discussions and conclusions
In this study, a stepwise modeling using three different models:
1) Full model; (2) Submodel; (3) Thin model, was carried out for
nderstanding the complex thermo-mechanical behavior of rock
ass observed at APSE. Such a stepwise approach from a rough- to
ne-meshedmodel and fromlarge to smallmodel sizewaseffective
o simulatean in situexperiment, inwhichmany factors indifferent
cales need to be considered together.
The stress redistribution after the tunnel excavation was cal-
ulated using the Full model. EDZ around the tunnel could be
mplemented in the Full model. The inﬂuence of borehole exca-
ation, conﬁning pressure of 700kPa, and heating from the four
eaters around the pillar was modeled in the Submodel. With the
equential process, the inﬂuence of tunnel excavation, borehole
xcavation, conﬁning pressure, and thermal stress could be suc-
essfully initialized in the Thin model.
From the study, the following conclusions could be drawn:
1) With the submodeling using the Submodel and the Thinmodel,
it is possible tomodel the borehole size, pillar geometry, heater
locations, and measuring points more precisely.
2) Submodeling can be carried out efﬁciently using the NNs to
calculate the stress and temperature at certain locations.
3) With using a higher speciﬁc heat and thermal conductivity of
rock mass, it will be possible to reduce the difference in the
temperatures between measurements and computer simula-
tions.
4) Comparison of notch depth and length, and breakout angle is
useful for estimating the spalling strength. From the study, the
spalling strength is found to be 120MPa, which is 56% of UCS
and very similar to the crack initialization stress from AE.
5) Thin model can simulate the de-stressing, but the rock failure
does not match with measurement. Rock property change in
the ﬂoor will result in better prediction of notch depth. Thinner
model mesh around the boreholes is recommended for better
prediction of notch length.
From this study, a unique technique utilizing NNs for a step-
ise computer simulation from a largemodel to a smallmodelwas
eveloped and successfully applied to model the complex thermo-
echanical coupling behaviors observed in APSE. For futureworks,
t is recommended to develop a technique for mutual exchange of
he results from the continuum code and those from a particle code
uch as PFC, which is good for more realistic modeling of the rock
racture generation.
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